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VISCOELASTICITY AND CREEP RECOVERY OF POLYIMIDE THIN
FILMS

Fariborz Maseeh and Stephen D. Senturia
Microsystems Technology Laboratories
Massachusetts Institute of Technology, Cambridge, MA 02139

ABSTRACT

Creep and recovery of a polyimide thin film well below its glass transition
temperature :s demonstrated through use of circular membrane bulge test. Extensive use is
made of a recently developed mechanical CAD system linked to the fabrication process to
model the structure. A creep power law is used in a nonlinear finite element (FEM) analysis
to fit the experimental results, thereby measuring the viscoelastic properties.

INTRODUCTION

Recently, polyimide films have been used as structural components of mechanical
microsensors and microactuators [1-3]. Polyimides, like most polymers, exhibit a time
dependent mechanical response (viscoelasticity). This is potentially an important factor in
the design of mechanical structures in which polyimide is subjected to sustained loads.

Viscoelastic properties of materials are traditionally measured by uniaxial tests [4].
Creep, stress-relaxation, and dynamic-loading tests are the commonly used techniques to
measure the time-dependent analogs to elastic constants. The uniaxial _reep test consists of
measuring the time-dependent stretch resulting from the application of a steady axial load,
and can be directly related to the viscoelastic properties. Uniaxial experiments, though
effective for large samples, can be difficult to implement for thin films. We employ circular
membranes to perform a biaxial creep experiment in which a time-dependent deformation is
measured under a state of biaxial stress. This technique eliminates the sample handling
problems and offers a way to detect and measure the viscoelastic behavior of the material.
The membrane data, in the form of deflection as a function of applied pressure, need further
modeling to extract the time dependent stress vs strain results. In this work, we report on
creep and creep recovery of Dupont's commercial polyimide PI2525, and present a non-
linear viscoelastic model for the interpretation of the creep behavior.

SAMPLE FABRICATION AND MEASUREMENTS

The PI2525 polyimide is the imidized form of the polyamic acid precursor that
results from the reaction of benzophenone-tetracarboxylic dianhydride (BTDA) with a blend
of meta-phenylenediamine (MPDA-40%) and oxydianiline (ODA-60%) [5]. The polyamic
acid is supplied commercially dissolved in N-methylpyrollidone and is spin-cast, then cured
to produce the polyimide. Circular polyimide membranes one inch in diameter and 5 pm in
thickness are microfabricated using the technique described in [6]. The PI2525 precursor is
spin deposited on (100) silicon substrates in multiple layers, prebaked at 130°C for 15
minutes after each layer for solvent removal and partial imidization, and then cured
(imidized) at 400°C in nitrogen for one hour. A VESPEL ring, one inch in inner diameter,
1-1/8 inch in outside diameter, and 1/16 inch thick, is mounted on the polyimide side with




epoxy, and the substrate is removed by chemical etching with an nitric-hydroflouric acid
solution. The ring, which is sufficiently large to be considered rigid, captures the state of
biaxial stress in the film at the support. The sample is mounted in our bulge test apparatus
and the center deflection as a function of the applied pressure is measured by tracking the
focus point using a digital micrometer attached to a microscope stage. The applied air
pressure is measured by a Kulite LQ-5-516 pressure sensor calibrated for the working
pressure ranges (0 - 0.1 MPa).

Fig. 1 shows the center deflection vs pressure for a P12525 membrane. The portion
of the curve below the point indicated by the arrow is elastic. Data from this portion of the
curve are used to extract the residual stress and biaxial modulus of the film, as explained in
[6]. For pressures above this point, the center displacement increases with time at fixed
pressure. In this particular figure, the pressure is gradually increased until the deflection
reached 2200 pum, after which the increase in deflection is monitored as a function of time.
In actual creep experiments, the pressure load is increased at small intervals and the
deflection is observed over a time scale of 2 minutes. If a time-dependent deformation is
observed, indicating the threshold of observable creep (on the time scale of tens of
seconds), the pressure is then increased to a fixed value well above the creep threshold, and
the center deformation as a function of time is measured. Fig. 2 shows typical creep data,
plotted as creep deflection d¢r vs time (the model is explained later). The creep deflection is
defined as d - dg in Figure 1. The creep measurement continues until the center deflection
stops changing on a time scale of 10 minutes. The sample is then unloaded and a plastically
deformed dome shape surrounded by an elastic ring is observed shown schematically in
Fig. 3. The width of the undeformed rim of the film is measured immediately after the
unloading. This width is used in conjunction with elastic models of membrane deformation
to estimate the strain at which creep initiates. After unloading, the polyimide sample
gradually recovers its original flat shape. Fig. 4 shows a sequence of photographs for a
PI2525 sample after unloading. The apparent total recovery time is 130 hours. After the
recovery, a second load-deflection measurement is made in the elastic region. The biaxial
modulus extracted from the second run agrees with the first run; however, the residual
strcss shows a 40% drop in value as a result of having cycled through the creep and creep-
recovery sequence.

DATA ANALYSIS
A. Modeling of the structure

The membrane fabrication and analysis is implemented in the environment of a
previously reported CAD architecture [7,8], which uses a Structure Simulator supported by
process modeling programs to create the solid model. The process modeling for spinning
polyimide on a substrate uses data on film thickness vs spin speed for this particular
polyimide [9] to generate a model for thickness (tf in pm) as a function of spin speed (Vs in
krpm) and the number of coats n. In the case of P12525, a good representation of the data is
provided by the expression t¢ = n [1/6 + 40/3V;]. A PFR (process flow representation [10])
of the polyimide deposition (including spinning, prebake, and cure steps) is developed.
The Structure Simulator interprets the PFR process step description, determines the film
thickness, and generates the solid model in a format which is directly readable by the
mechanical modeling graphics pre/post processor PATRAN. Because of the radial
symmetry of the samples, only two-dimensional models are generated. Within the
PATRAN preprocessor graphics, the ring supporting the film is modeled by enforcing built-
in conditions on the face of the film at the ring-film contact surface. The elastic properties
(measured Young's modulus and Poisson's ratio from [6]) of polyimide (assumed
isotropic) are loaded from a PATRAN-readable material property database file. Loads and
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boundary conditions and element types are specified. An ABAQUS input file is then
generated assuming zero residual stress, and is modified manually to account for the
residual stress in the polyimide. The viscoelastic properties are also entered by manual
modification of the ABAQUS input file. The resulting model is sent to ABAQUS version 4-
7 [11,12]; the analysis results are returned to PATRAN and are displayed graphically. The
process modeling and FEM model generation are done on a SUN-4. The FEM simulations
are done on both SUN-4 and the MIT-CRAY?2 facility; in the latter case the ABAQUS
output is transported back to SUN-4 for evaluation.

Since both the geometry and applied loads are axially symmetric, a two dimensional
analysis is sufficient by taking a section through the thickness and a radius. 8-noded
axisymmetric elements are used throughout the analysis. The suspended part of the film
within the ring is modeled with 50 elements with element sizes linearly decreasing toward
the edge to one-tenth of the one at the center, shown schematically in Fig. 5. The portion of
the film adhering to the ring is modeled with 10 uniform elements fixed at the bottom edge
as shown.

B. Analysis of viscoelastic behavior

For deformations in the elastic regime, the state of the stress in the loaded membrane
is shown in Fig. 6. As shown, an unequal state of biaxial stress develops when the
membrane is subjected to uniform lateral pressure. The nonuniform stress distribution in
the membrane requires a more complex analysis to determine the viscoelastic properties of
the film than when the uniaxial measurement is used. Under the condition of the uniaxial
loading, the commonly adopted creep law is of the form:

Ver = Aqn tm (1)

where vgr is the creep strain rate, q is the von Mises stress (a condition among the stress
components at a point that must be sansﬁed for the onset of ]zalasuc deformatxon in the case
of simple tension: 2 g2 = (o} - 0,2 +[07- 632 + [0) - 03] where oj’s are the principal
stresses), A is a constant, n is a material dependent integer normally between 3 and 8 [13],
and m is a (time hardening) constant between -1 and 0. All constants are to be determined
by fitting io the creep measurement data. A modified creep law is used in this work by
replacing q with g-qy where qy is the creep threshold, the stress below which the material
creep is negligible. *’he creep strain € is then determined by integrating eqn. (1) in time

which results in:
€cr = [A/ (m+1)] (g-gy)" tM+1 q>qy
€cr= 0 q< Qy (2)

This results in creep when the stress is above the threshold stress (assumed to be 95 MPa
for P12525 from experimental observations). Eqn. (2) is incorporated in the FEM model.
Investigation of this model reveals a linear relationship between the creep strain €cr and the
creep deflection d, for different choices of the constants A, n, and m in the ranges of the
measured displacements. Fig. 7 shows this relationship as obtained from FEM analysis.
This result is used to determine the time-hardening exponent m directly from a fit to the
measured d¢r vs t. This value is then utilized to extract values of A and n by a fit to the
experimental results.

To extract the creep compliance from the experimental results, an iterative FEM
procedure is utilized. The initial (order of magnitude) estimate of A is based on assuming
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linear viscoelasticity (n=1) and calculating the creep strains from an elastic deflection model
[14,15]:

Ecr = .67 (d/a)2 - .67 (dg/a)? 3)

where d is the total deflection, dg the static deflection and a the membrane radius. Using
this approximation, a value for A is extracted from a logarithmic fit to the € vs t curve.
Then, with estimates of A and n (assumed unity in the first iteration) inserted into the FEM
model, calculate the time-dependent deformation at the experimentally determined pressure
(which at zero time yields the elastic deflection ds), compare with experiment, and revise A
and n until satisfactory convergence is achieved. In this case, no rigorous best fit is
obtained, and error bounds on the resulting parameters can only be estimated. However,
this procedure yields a reasonable approximation to the experimental data.

C. Results

The membrane pressure vs center deflection data consists of an elastic and a
viscoelastic region. The elastic portion is used to determine the elastic properties of the thin
film with the procedure in [6].

Fig. 6 shows the distribution of strains and stresses from the FEM in the meridian
and the circumferential principal directions. The state of strain along the meridian (principal)
direction in the deformed shape remains fairly constant along the radius; however the
circumferential (principal) strain distribution is equal to the meridian one at the membrane
center and decreases to zero at the support. These distributions are in agreement with a
generalized membrane model [14,15], but deviate significantly from the Beam's spherical
cap assumption [16]. The stress distribution along the meridian and circumferential
directions behave as shown in Fig. 6, in agreement with the plane stress constitutive
relation. The shear stresses are negligible. The maximum Mises stresses (and therefore
plastic flow) occurs at the center of the membrane and gradually decrease toward the support
as in the experiment. The center element is under the state of equal biaxial stress; therefore,
this element is used throughout the analysis to characterize the viscoelastic properties.

Fig. 2 shows the FEM creep deflection vs time (for the center element) compared
with the experimental results. The agreement is not perfect, but key features are well
represented. Fig. 8, shows the resulting center element biaxial creep strain as a function of
Eilxrﬁ. The biaxial creep strain €pc is related to the uniaxial creep strain gycr by the relation

€bcr =Eucr /2 +0/6K (4)

where G is the stress and K is the bulk modulus. Fig. 8 also shows the resulting uniaxial
creep strain vs time.

The strain energy loss due to stress reduction in the film after recovery is related to
the deviatoric (distortional) portion of the strain energy and is estimated form the expression
[18]:

AUq =(1/6G) [ 6;2 - 62 ] (5)

where G 1s the shear modulus, and 6; and G; are the in-plane stressgs, in the unloaded state,
before and after the recovery. This energy loss ( 0.098 MJ/m-) may be attributed to
dissipation during the molecular distortions of the polymer chains during the creep. The
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effects of elevated temperature anneals on this energy loss has not been investigated, but
would be interesting.

CREEP RECOVERY

The creep recovery phenomenon illustrated in Figure 4 (shape memory effect) has
been observed in polymers that are plastically deformed below their Tg when they are
thermally loaded near or above their Tg; see e.g. [19,20]. In the experiment reported here,
the polyimide is exhibiting creep recovery about 300 °C below its glass transition. Below
the glass transition temperature, a polymer material must overcome two distinct sources of
resistance before inelastic flow may occur [21,22]: (1) the material must be stressed above
its iniermolecular resistance to segment rotation (restrictions imposed on molecular chain
motion by the neighboring chains), and (2) once the material begins to flow, molecular
alignment occurs, altering the configurational entropy of the material. This entropy change,
by analogy to the rubbery regime, may be related to the evolution of back stresses which can
result in the recovery of the polymer [23]. The energy loss after shape recovery may be
attributed to dissipating effects during reorientation of the polyimide chains.

Quantitative modeling of the recovery phenomenon will be reported elsewhere. The
yield line for the recovering portion does not remain circular, and the contour for the
deformed region is not easily measured without film disturbance. Qualitatively, it is
observed that the recovery is temperature dependent. The sample recovers faster when the
temperature is elevated. Humidity effects have not been investigated.

CONCLUSION

The use of circular membranes in ineasuring the viscoelastic and plastic material
properties of thin films has some advantages over the uniaxial techniques. The membranes
are edge free and therefore less susceptible to cracks which can prohibit observation of yield
in glassy materials such as PI2525. The maximum stress region (center point) is also
identified in advance; hence the viscoelastic properties of thin films can be observed without
having to yield or creep the entire sample. However, the analysis to determine the
viscoelastic properties is more cumbersome. This paper has presented a first attempt at such
data analysis, and has determined that the creep compliance of PI2525 is a very nonlinear
function of the stress (n = 8), and also requires a threshold strain before creep begins.
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Fig. 1. Measured center deflection of a P12525 circular
membrane, one inch in diameter. The flat part
is the viscoelastic deformation under constant
pressure as a function of time.
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well below glass transition tempertaure.




. "smoy u1 swn pasdepd o o1pul yderdoloyd yoes mojaq syoquinu oy
‘ "0,00€ 9A0qe st aprifjod sup 1oy arm 9) uonisuen sse[3 ayJ, ‘papeojun st sjdwes
uaym ‘arnyeradway wool e (§7$TId) 2prunAjod vAO/VAJW-VALE Jo K19a00a1 daar) “p 31y

SINOH 06




Free only in Suspended film Film attached to ring
y translation _
y
Fixed boundary

Fig. 5. Schematic finite element mesh for polyimide circular membranes.
Axisymmetric elements (50 for suspended part and 10 for the fixed
portion of the film) are used. Elements in the suspended film decrease
uniformly from center to edge with a 10 to 1 ratio as shown.
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